. A localization experiment demonstrated that the ASSuT resistance genes are chromosomally located. This study confirms that a multidrug-resistant clonal group, ASSuT, of S. Typhimurium and its monophasic variant has emerged and is circulating in Italy, Denmark, and the United Kingdom. Moreover, the results of this work demonstrate that the multidrug resistance in this clonal group of Salmonella strains is conferred by a new genomic island.
Salmonella enterica serovar Typhimurium is one of the most important food-borne zoonotic pathogens across the world, and the increasing occurrence and spread of multidrug-resistant (MDR) strains is a matter of concern. MDR S. Typhimurium definitive phage type 104 (DT104), resistant to ampicillin, chloramphenicol, streptomycin and spectinomycin, sulfonamides, and tetracyclines (resistance type [R type] ACSSpSuT), is a clear example of a clone that emerged in one country (the United Kingdom in the 1980s) and subsequently became widely distributed in at least four continents (41) .
Recently strains of S. Typhimurium and its monophasic variant, Salmonella enterica serovar 4, [5] ,12:i:Ϫ, characterized by the four-drug resistance (tetraresistance) pattern ASSuT (with or without additional resistances but lacking resistance to chloramphenicol), has emerged in Italy (5) . These strains accounted for more than 30% of isolates from cases of human infection during the last 5 years and were also observed among isolates from different farm animal species (20) . Pulsed-field gel electrophoresis (PFGE) analysis showed that these tetraresistant strains belonged to a unique clonal group, different from the DT104 ACSSpSuT clone (13) . Using the PulseNet Europe database (27) , it has been possible to verify that ASSuT strains of S. Typhimurium and its monophasic variant isolated in Denmark and the United Kingdom exhibited PFGE patterns that were the same as or very closely related to those of the Italian strains, suggesting that an ASSuT clonal group was circulating in different European countries.
In Denmark, strains with the ASSuT R type accounted for 4.4% of S. Typhimurium strains from humans over the period from 1997 to 2002 (16) ; during the period from 2003 to 2008, the frequency of ASSuT strains from humans increased, varying from 10 to 22%. Moreover, a study of strains from pigs highlighted that from 2002 to 2006, the main phage type became DT120, and 50% of strains of this phage type belonged to R type ASSuT. Over the same period, the frequency of isolation of DT104 strains decreased (15) .
In England and Wales, the ASSuT resistance pattern, with additional resistance to furazolidone (Fu), was first detected in 1964 in S. Typhimurium DT29. Such strains, which possessed resistance determinants on both conjugative and nonconjugative plasmids, caused substantive outbreaks in both cattle and humans until 1971 (41) . During the 1980s there was an increase, from 1% in 1981 to 8% in 1990, of strains with the ASSuT R type, mainly belonging to DT193 (39) . Since 1996, DT193 has been second only to DT104 in cases of human infection; of these strains, 56% were multiresistant, with strains of R type ASSuT predominating. Previous studies have shown that strains of DT193 of R type ASSuT have often been associated with pigs, and outbreaks associated with pigs have been reported (40) . In addition, in 2006, strains of DT120 of R type ASSuT, with a unique PFGE profile (STYMXB.0083, according to PulseNet nomenclature), caused an outbreak in northeast England (3) . From January 2004 to December 2006, there were 489 strains of R type ASSuT, with or without additional resistances, from a total of 4,426 isolates from human infections (11%) reported to the Health Protection Agency (HPA Salmonella data set 2009; www.HPA.org.uk).
In DT104 strains of R type ACSSuSpT, the resistance genes for ampicillin (antibiogram designation A) (bla PSE-1 ), chloramphenicol (antibiogram designation C) (floR), streptomycinspectinomycin (antibiogram designation SSp) (aadA2), sulfonamides (antibiogram designation Su) (sul1), and tetracyclines (antibiogram designation T) [tet(G)] are chromosomally integrated within the 43-kb Salmonella genomic island 1 (SGI-1) (4). In contrast, the genes responsible for the tetraresistance in the ASSuT clonal group have not been identified so far.
The aim of this study was to analyze the molecular basis and location of ASSuT tetraresistance in S. Typhimurium and its monophasic variant strains from cases of human infection in Italy, Denmark, and the United Kingdom over the period from 2003 to 2006.
MATERIALS AND METHODS
Bacterial strains. A total of 77 strains of S. Typhimurium and its monophasic variant were included in this study. Of these, 66 strains with the R type ASSuT showed a pattern relatedness of Ն79,8% to each other when analyzed by PFGE. Eleven strains with different R types and showing PFGE profiles related (8 strains) and unrelated (3 strains) to those of ASSuT strains were included as a control. A detailed description of the strains is given in Fig. 1 .
Strains were definitively assigned to Salmonella serovar Typhimurium or its monophasic variant on the basis of the presence or absence of the fljB gene (14) . Antimicrobial susceptibility testing was performed for Italian and Danish strains using the disk diffusion method according to the CLSI recommendations (9, 10) and for United Kingdom strains by the method of Frost (18) . The antimicrobials tested were those included in the Enternet reference panel (42) . PFGE was performed according to the Pulsenet protocol (27) using XbaI as a restriction enzyme.
PCR amplification. Standard PCR amplifications were performed with specific primers for the genes conferring resistance to ampicillin (bla SHV , bla OXA , bla TEM , and bla PSE ), streptomycin (strA-strB and aadA2), sulfonamides (sul1 and sul2), and tetracyclines [tet(A), tet(B), tet(C), and tet(G)], using conditions described in Table 1 . In addition, the presence of class 1 integron gene cassettes was investigated using specific primers for the 5Ј and 3Ј conserved segment. PCR amplicons of the bla TEM gene were fully sequenced in order to assess which subtype of the TEM gene was harbored.
Transfer experiment. Conjugation experiments were performed using Escherichia coli CSH26Na R as the recipient strain, as described by Maimone et al. (28) with a few modifications. Overnight cultures of the donor and recipient strains were mixed in nutrient broth at a ratio of 1:6 and incubated overnight at three temperatures: 25°C, 28°C, and 37°C. Transconjugants were selected on LuriaBertani (LB) agar plates containing nalidixic acid (40 g/ml) together with tetracycline (3 g/ml) or ampicillin (8 g/ml).
Plasmid DNA was prepared with a PureLink HiPure plasmid filter purification kit (Invitrogen, Milan, Italy). Transformation experiments were performed using MAX Efficiency DH5␣ competent cells (Invitrogen, Milan, Italy), and transformants were selected on LB agar plates containing ampicillin (50 g/ml) or tetracycline (8 g/ml) (36) .
PFGE with I-CeuI and preparation of total DNA. PFGE with the I-CeuI enzyme was performed according to the PulseNet protocol (32) , with a few modifications. Briefly, cell density for plug preparation was 2 at 600 nm, the final concentration of proteinase K in the plug was 1 mg/ml, and 1 additional wash (each) in H 2 O and in Tris-EDTA (TE) buffer was done. The plugs were digested with 0.04 U of I-CeuI enzyme (New England, Biolabs, Ipswich, MA) for 3 h at 37°C as described by Liu et al. (26) . DNA fragments were separated on a 0.7% agarose gel, and lambda ladder concatemers (New England, Biolabs, Ipswich, MA) were used as a molecular marker.
The preparation of total DNAs was performed using the Wizard genomic DNA purification kit (Promega, Milan, Italy). Total DNAs were digested with the KpnI enzyme and electrophoresed in a 0.8% agarose gel at 16 V for 17 h.
Southern blot hybridization. Restriction fragments obtained by PFGE with I-CeuI and total DNA digestion with KpnI were transferred onto positively charged nylon membranes (Roche Diagnostics, Monza, Italy) by standard methods (38) and hybridized with PCR-generated probes labeled with digoxigenin for specific resistance genes, the integrase gene, and ribosomal DNA (Table 1) under high-stringency conditions at 68°C without formamide, according to the manufacturer's procedure (DIG DNA labeling and detection kit; Roche Diagnostics, Monza, Italy).
RESULTS

Genetic characterization of the ASSuT resistance profile.
The investigation by PCR of the antimicrobial resistance genes showed that all 66 ASSuT strains were positive for bla TEM-1 , strA-strB, sul2, and tet(B) and negative for all the other genes tested and for a class 1 integron(s) ( and two strains of R type SSuT were positive for strA-strB, sul2, and tet(B). The strains not of R type ASSuT but positive for tet(B) showed PFGE profiles related to those of ASSuT strains. In particular, 2 strains with R type SSuT and 2 tetracycline-resistant strains exhibited the PFGE profile STYMXB.0079; one tetracycline-resistant strain showed the PFGE profile STYMXB.0131, a related profile observed only in some Danish ASSuT strains. The STYMXB.0079 PFGE profile and the related STYMXB.0083 were also shown by three strains of R type ASSu, which showed the same resistance gene profile as the ASSuT strains with the exception of tet(B) ( Table 2 ). Tetracycline resistance genes different from tet(B) were found in 2 strains with the SSuT and T resistance patterns [tet(A)] and in one tetracycline-resistant strain [tet(C)].
Localization of resistance genes. Conjugation and transformation experiments were performed on 2 representative strains of R type ASSuT belonging to 2 different PFGE profiles, STYMXB.0079 and STYMXB.0339. The experiments failed to transfer any genes encoding antimicrobial resistance from the donor to the recipient strain, suggesting an inability of horizontal transfer and a chromosomal localization of the resistance genes.
Chromosomal localization of resistance genes was investigated by PFGE using the I-CeuI restriction enzyme on a selection of 41 strains, including 18 strains from Italy, 15 from Chromosomal digestion yielded seven PFGE fragments with sizes ranging from 40 to more than 3,000 kb. Southern blot hybridization was performed with specific probes for bla TEM-1 , strA-strB, sul2, tet(B), 16S rRNA genes, and integrase of a class 1 integron (encoded by intI). All the probes bound to a fragment of approximately 750 kb in size, as did the ribosomal probe, thus demonstrating the chromosomal location of the resistance determinants (Fig. 2) . Conversely, all the strains were negative for the presence of intI (data not shown).
A southern blot experiment of total DNA, digested with KpnI, was performed on 11 strains with a PFGE pattern similarity of Ն79.8% (6 ASSuT strains, 1 SSuT strain, 2 ASSu strains, and 2 tetracycline-resistant strains). Hybridization with specific probes for the four resistance genes showed that all the genes colocalized on a fragment of about 40 kb (Fig. 3) for ASSuT strains, independent of their PFGE profile. An exception was represented by a strain with the PFGE profile STYMXB.0131, for which the resistance genes are localized in a slightly smaller fragment. A similar finding has been shown for an SSuT STYMXB.0079 strain and an ASSu strain with the PFGE profile STYMXB.0083. In addition, in one strain of ASSu STYMXB.0079 and in two strains resistant only to tetracycline, with the PFGE profiles STYMXB.0079 and STYMXB.0131, the resistance genes are localized on a KpnI fragment of approximately 20 kb (Fig. 3) .
DISCUSSION
Resistance to antimicrobials in Salmonella is regarded as an important threat to public health. Results from a European collaborative study showed that 43% of strains were resistant to at least one antimicrobial and 18% were multiresistant (42) . Among different serovars, S. Typhimurium consistently exhibited the highest percentage of strains with multiple resistances, belonging mainly to the ACSSpSuT DT104 clone (41) . The dissemination of this multiresistant clone is still a matter of concern despite a marked reduction of its frequency in Europe since 2002 (29) .
In Italy since 2000, strains with R type ASSuT have become increasingly common, both in S. Typhimurium and among its monophasic variant strains (13, 20) . In addition, an increase in the frequency of these strains has been observed in both Denmark and the United Kingdom.
Until recently, comparison of strains from different countries had been difficult, mainly because of the lack of standardization in typing methodology. Standardization of PFGE coupled with the establishment of a central database and a common nomenclature system facilitated by the international network PulseNet Europe has made the identification of clones circulating within and between countries easier. In this study, the PulseNet database assisted in ascertaining that strains of R type ASSuT isolated in Denmark and the United Kingdom exhibited the same PFGE profiles as Italian strains (13), with the unique exception of STYMXB.0131, a PFGE profile shown only by Danish monophasic variant strains but which has a 79.8% homology with the other PFGE profiles.
The aim of this study was to analyze the molecular basis of antibiotic resistance in strains of R type ASSuT, both S. Typhimurium and its monophasic variant, isolated from humans in Italy, Denmark, and the United Kingdom. All the ASSuT strains, regardless of their origin, harbored the same resistance genes: bla TEM-1 , strA-strB, sul2, and tet(B). These resistance genes are common in Salmonella spp., and the association of these genes has been frequently described. In particular, the strA-strB genes are usually associated with sul2. Both genes are frequently located on small broad-host-range plasmids, such as RSF1010 or pPB1, but have also been detected on the chromosome of an S. Typhimurium isolate (12) . Moreover, a similar association of the four resistance genes in ASSuT strains has been observed in various plasmids, for example, pHCM1, typical of Salmonella enterica serovar Typhi (30) , and pU302L, found in an S. Typhimurium isolate (8) . In relation to tetracycline resistance, in all ASSuT strains the only gene coding for resistance to tetracycline was tet(B). This gene has previously been identified in S. Typhimurium strains at a frequency of 48% but always in combination with tet(A), tet(G), or both (31) . In addition, tet(B) was the unique gene also encoding tetracycline resistance in strains showing an R type different from ASSuT but with a PFGE profile related to the main profile STYMXB.0079.
The localization experiments with ASSuT strains demonstrated that the resistance genes were localized on the bacterial chromosome, in particular on a KpnI fragment of approximately 40 kb. Only in the Danish strains with PFGE profile STYMXB.0131, the resistance genes are localized on a fragment with a slightly smaller size, probably due to a deletion(s) not affecting resistances genes.
Overall these findings are indicative of the existence of a new resistance island, different from SGI-1 of the ACSSpSuT DT104 clone not only in terms of resistance gene content but also in the absence of class 1 integrons. In this respect, SGI-1 possesses two class 1 integrons, located in the chromosome and carrying the aadA2, bla PSE-1 , and sul1 genes, conferring resistance to streptomycin, ␤-lactams, and sulfonamides, in addition to the floR and tet(G) genes, conferring resistance to chloramphenicol and tetracyclines, respectively (4). The chromosomal localization of resistance genes was also demonstrated in strains with R types different from ASSuT but with related PFGE profiles. However, in strains with the R types SSuT, ASSu, and resistance only to tetracycline, the genes are localized on a KpnI fragment smaller than the fragment detected in ASSuT strains. It is conceivable that rearrangements or deletions of the resistance island may have occurred, thereby generating partial resistance patterns. A similar finding has been described for DT104 strains showing partial R types but the same PFGE profile of ACSSpSuT strains and in which deleted SGI-1 was observed (2, 6, 7, 25, 33) .
Despite S. Typhimurium ASSuT strains having been found in the United States (19, 34) , Spain (37), France (43) , and the Czech Republic (24) , to our knowledge no molecular analyses have been undertaken in relation to the resistance genes or their genetic background. However, a partial characterization performed with French ASSuT strains concerning the presence of integrons and ␤-lactam resistance genes demonstrated that these strains were negative for class 1 integrons and harbored the bla TEM-1 gene (43) . Similarly, in the Czech Republic, ASSuT strains of S. Typhimurium were negative for the presence of SGI-1 and class 1 integrons (24). Although not conclusive, the results of these studies are in agreement with our results and seem to suggest that the strains of R type ASSuT from the respective countries may belong to the same clonal group as described above, suggesting its wide dissemination within Europe.
Finally, this report demonstrates that strains of S. Typhimurium and its monophasic variant with the R type ASSuT belong to the same clonal group. The monophasic variant strains studied exhibited the same chromosomally located resistance genes as the ASSuT S. Typhimurium strains. In contrast, Spanish monophasic variant strains of R type ACSSuT and with additional resistance to gentamicin and trimethoprim exhibited DT104-related PFGE profiles but differed from the DT104 clone in terms of the resistance gene profile and localization (21, 22) .
In conclusion, this study demonstrates the existence of a second genomic island carrying antibiotic resistance genes distinct from those previously detected in SGI-1. This new genomic island confers resistance to ampicillin, streptomycin, sulfonamides, and tetracyclines in a clonal group of S. Typhimurium strains and its monophasic variant circulating in Italy, Denmark, and the United Kingdom. Further studies are needed to complete the characterization of this new resistance island and to better understand its organization.
